Introduction
In last few decades, there has been a great deal of interest in the synthesis and polymerization of 2-vinylcyclopropane monomers (2-VCP) [1, 2] . 1,1-Disubstituted 2-vinylcyclopropanes with radical-stabilizing and electron-withdrawing substituents are known as monomers which undergo radical ring-opening polymerization to form amorphous polymers bearing mainly 1,5-ring-opened units [3, 4] . The demonstrated low shrinkage in volume during polymerization [4] [5] [6] [7] [8] makes such monomers attractive as components of adhesives or for the development of new composites for dental applications. Synthesis and polymerization of 2-VCPs substituted in position 1 with cyano, ester or chloro groups have been described [9] [10] [11] . Recently, we reported the synthesis of liquid 1-ethoxycarbonyl-1-(cyclo)hexyloxycarbonyl-2-vinylcyclopropanes and the influence of cyclodextrins on the free radical polymerization of these monomers in water [12] .
With regard to the required mechanical properties of the resulted materials, 2-VCP monomers with various structures should be of interest. In this context, monomers containing two or three polymerizable vinylcyclopropane moieties or hybrid monomers containing both methacrylic and 2-VCP groups have been synthesized [13] [14] . These monomers generally show a higher polymerization rate and the corresponding polymers exhibit a better solvent resistance.
The influence of the modified monomer structure on the glass transition temperature of the formed polymers has also been investigated, e.g., in the case of esterified 2-VCP derivatives the T g (glass transition temperature) of the corresponding polymers increases if the methoxy group is substituted by a phenoxy group [10] . Furthermore, the substitution of the phenoxy group by a flexible alkyl group reduces T g ; the longer the alkyl substituent, the lower the T g [15] .
Taking into account the low volume shrinkage during polymerization of 2-VCP monomers, a liquid crystalline monomer could be useful due to its relatively high molecular weight and because of ordering effects. Up to now, 2-VCP esters bearing mesogenic moieties have not been investigated.
In this contribution, we wish to report the synthesis and characterization of new 2-VCP monomers with cholesteryl side groups. The dependence of the phase transition behaviour on the monomer structure is discussed. The radical bulk or solution polymerization of these new monomers is also reported.
Results and discussion

Synthesis of monomers 3a,b
The synthesis of 1-ethoxycarbonyl-2-vinylcyclopropane-1-carboxylic acids 2a,b was described previously [12] . Due to its specificity, the stereoselective pork liver esterase (PLE) catalysed hydrolysis of racemic diethyl esters of vinylcyclopropane 1 leads to the enantiomerically enriched monoesters 2b as compared to the chemical procedure where no optical activity of the formed monoesters 2a was registered (Tab. 1). New asymmetric 1,1-disubstituted 2-vinylcyclopropane monomers 3a,b were prepared by esterification of these monoesters with cholesterol in the presence of 1,3-dicyclohexylcarbodiimide. The synthetic route to obtain the new compounds is presented in Scheme 1. Polarimetric measurements clearly indicated a difference in optical activity of the two synthesized monomers (Tab. 1). 
Liquid crystalline properties of monomers 3
The expected thermotropic liquid crystalline behaviour of VCP monomers 3 was verified by using polarizing optical microscopy (POM) and differential scanning calorimetry (DSC) measurements. POM observations showed that both 2-VCP monomers 3a,b are liquid cristalline at room temperature. After heating, they became mobile liquid crystals, with a clearing point (T CL ) at 73.1°C for monomer 3a and 62.4°C for monomer 3b, respectively (Figs. 1, 2). The significant difference of the T CL values can be attributed to the different composition of the stereomeric monomer mixture 3a versus 3b. Upon heating in a DSC apparatus at a rate of 5°C/min, monomer 3a shows only one first order phase transition, at 75.2°C. As mentioned above, this peak could be assigned, by means of POM, to an isotropization process. In the DSC trace of the heating run, two signals can be detected at -14.3 and 72.0°C (Fig. 3) . From comparison with DSC and POM measurements, we assigned the peak at -14.3°C to a crystal-mesophase transition and the peak at 75.2°C to the mesophase-isotropic transition. The absence of other transitions up to 150°C supports the hypothesis that 3a is liquid crystalline from below room temperature up to its clearing point. X-ray diffraction measurements of the sample were not yet possible due to the low viscosity of the LC phase. Thus, an assigment to a mesophase of the nematic or smectic A type is considered not reasonable. The same behaviour was observed for monomer 3b with the exception that the mesophase-isotropic transition takes place at lower temperature (65.7°C). This derivative was prepared from the optically active 1-ethoxycarbonyl-2-vinylcyclopropane-1-carboxylic acid 2b. Tab. 2 summarizes the thermotropic LC behaviour of compounds 3a,b based on DSC and POM. The most prominent difference between the thermal behaviours of the two monomers is the higher transition temperature exhibited by monomer 3a which was prepared from the optically inactive precursor 2a. This clearly demonstrates that the existence of an asymmetric centre in the cyclopropane ring affects significantly the phase transition temperature of the cholesteryl ester. 
Polymer synthesis and characterization
The VCP monomers 3 were homopolymerized in solution and bulk, respectively. The reaction conditions are summarized in Tab. 3. In all cases polymerization yielded transparent products.
Solution polymerization of monomers 3a,b was carried out in a solution of benzene, the initiation being performed by thermal or photochemical procedures. Photoinitiated polymerization is commonly the method of choice because it can be employed at various temperatures [16] . This factor is particularly important for liquid crystalline systems in bulk because of their inherent temperature sensitivity. [initiator] = 2 mol-%. c) Numberaverage molecular weight, evaluated by GPC. The used initiators were AIBN for thermal polymerization and DMPA for photoinitiated polymerization, respectively. The specific higher decomposition rate of the photoinitiator as compared to the thermal one was expected to allow obtainment of higher yields in shorter time. Indeed, the results (Tab. 3, Fig. 3 ) confirm this aspect and evidence a slightly higher reactivity of 3b as compared to monomer 3a. In order to obtain information about the possibility to use these monomers for materials with dental applications, the bulk polymerization of the VCP monomers 3a,b was evaluated. Results and reaction conditions are presented in Tab. 3. Lower molecular weights and lower yields were obtained as compared to solution polymerization, which may be explained on the basis of the reduced mobility of monomers and monomer radicals as a consequence of the high viscosity of the system. The resulting polymers could be dissolved in chloroform or methylene chloride, but were insoluble in N,N-dimethylformamide or tetrahydrofuran, and solution-cast films of the polymers were clear and flexible.
IR spectra of all polymers showed intense absorption bands at 974 -976 cm -1 , assigned to the formed trans double bonds. The VCP monomers 3 showed absorption bands of terminal vinyl groups at 932 and 1009 cm -1 which were not observed in the spectra of the polymers. In 1 H NMR spectra of all polymers, the characteristic peaks due to the three-membered ring disappeared completely and two broad peaks at δ = 5.05 -5.36 ppm (two olefinic protons) and δ = 2.36 -2.64 ppm (four methylene protons) appeared. These spectral data indicate that 1,5-polymerization proceeded with complete ring-opening, as shown in Scheme 2, in agreement with the results reported by Cho et al. [3, 4] . In accord with the described free-radical mechanism the asymmetric centres do not maintain their spatial structure due to the plane, intermediately formed radicals (see Scheme 2) .
Thermal behaviour of the corresponding polymers 4
Thermal stability and phase behaviour of the polymers were investigated by means of DSC and POM measurements. All the polymers exhibited a degradation temperature (T d ) above 300°C (Tab. 4). In the DSC trace, upon heating, one observes a relatively weak endothermic peak at 166 -169°C with a transition enthalpy of 0.63 J/g. Glass transition temperatures (T g ) of the polymers were in the range of 44 -46°C. Upon cooling the isotropic melt of a polymer 4 sample under crossed polarizers, bâttonets are formed (Fig. 4) . This texture is typical of a smectic A phase and not compatible with the existence of a nematic phase. 
Conclusions
The versatile intermediate 1-ethoxycarbonyl-2-vinylcyclopropane-1-carboxylic acids were used for the synthesis of optically active VCP monomers bearing a cholesteryl group as mesogen. The study of their liquid-crystalline properties evidenced the influence of the diastereomeric monomer composition on the phase transition of the mesogen.
The radical bulk and solution polymerizations of 1-cholesteryloxycarbonyl-1-ethoxycarbonyl-2-vinylcyclopropane monomers proceed with opening of the cyclopropane ring, forming a 1,5-addition polymer in good yield. Investigation of the thermotropic behaviour by means of DSC and POM showed that the homopolymer exhibits a LC phase below 170°C. Measurements of volume shrinkage during polymerization of the monomers are in progress. This type of polymers with liquid-crystalline behaviour could be used for dental applications.
Experimental part
Materials
Dichloromethane, hexane, diethyl ether and benzene were otained from Fluka and dried over freshly activated type 4 molecular sieves. The chemical and enzymatic hydrolysis of 1,1-diethoxycarbonyl-2-vinylcyclopropane was performed as described previously [12] .
Cholesterol (Fluka), 4-dimethylaminopyridine (DMAP; Fluka) and 1,3-dicyclohexylcarbodiimide (DCC; Fluka) were used without further purification. 2,2'-Azoisobutyronitrile (AIBN; Fluka) was purified by recrystallization from methanol. The photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (DMPA; Ciba), and benzoyl peroxide (BP, Fluka) were used as received.
Measurements
NMR spectra were recorded using a Bruker AC 200 spectrometer at room temperature with CDCl 3 as solvent. Chemical shifts were referred to tetramethylsilane as an internal standard. Elemental analysis was carried out at the microanalytical laboratory of the University of Mainz.
Gel permeation chromatography (GPC) measurements were performed with chloroform as the eluent at 25°C with an experimental set-up of the PSS company. Calibration was done with polystyrene (PSS) standards with a molecular weight range from 374 up to 1 000 000. Applying a flow rate of 1 mL/min, 150 µL of a 0.125 wt.-% polymer solution in CHCl 3 were given onto a column combination consisting of a PSS-SDV (5 µm, 10 3 Å, 8×50 mm 2 ) as pre-column and a set of PSS-SDV (5 µm, 8×300 mm 2 with 10 2 , 10 3 and 10 4 Å porosity) as analytical columns. Detection of the signals was performed with a TSP UV2000 UV-VIS-detector (254 nm) and a modified Knauer refractive index (RI) detector. The evaluation was conducted using the PSSWinGPC 4.01 software.
Optical rotation and IR characteristic absorbtion were measured with a Perkin-Elmer model 241 polarimeter and a Perkin-Elmer model 1420 spectrometer, respectively.
Differential scanning calorimetry (DSC) was carried out using a Perkin-Elmer DSC-7. Heating and cooling rates were 5°C/min.
Polarized light microscopy was conducted on a Leica DMRXP polarizing microscope with a Mettler FP5 hot stage controlled by a Mettler FP52 temperature controller. Polarized light micrographs were obtained with a Wild Leitz MPS46 automatic camera assembly. Samples sandwiched between a microscope slide and a coverslip were heated at 10°C/min and observed under crossed polarizers.
Synthesis of 1,1-disubstituted 2-vinylcyclopropane (3)
General procedure
To a solution of 1-ethoxycarbonyl-2-vinylcyclopropane-1-carboxylic acid (2a,b) (1.00 g, 5.42 mmol), cholesterol (2.30 g, 5.96 mmol) and DMAP (0.07 g, 0.59 mmol) in 20 mL of dichloromethane was added gradually DCC (1.23 g, 5.96 mmol). After stirring for 24 h at room temperature, the formed precipitate was filtered off. The remaining solution was washed with water (2×20 mL), 5% acetic acid aqueous solution (3×20 mL) and again with water (3×15 mL). After drying over anhydrous MgSO 4 , the solvent was evaporated in vacuo. 
Polymerization of monomers 3
To a solution of monomer 3 in benzene (1 mol/L), 2 mol-% of initiator, AIBN or DMPA, was added. Depending on the reaction conditions, polymerization in solution was carried out under inert atmosphere (argon), a) in sealed glass tubes, immersed in a termostated bath at 65°C or b) in sealed quartz ampoules, thermostated in a water bath at 25°C and irradiated with a high-pressure mercury lamp (Philips, HPK 125 W) as UV light source.
The resulting polymers were precipitated in cold methanol, filtered off and dried to constant weight in vacuum.
Radical bulk polymerizations were carried out at 80°C in sealed glass tubes containing the monomer and 2 mol-% of BP. The tubes were degassed through three freeze-thaw cycles (liquid nitrogen) and sealed and then placed in a constant temperature bath. The polymerizations were terminated by the addition of excess methanol. Monomer conversion was calculated from the gravimetrically determined yields of the dried polymers. The soluble polymers were reprecipitated from methanol and dried in vacuum to constant weight. 
